Optoelectronics based on metal halide perovskites (MHPs) have shown substantial promise, following more than a decade of research. For prime routes of commercialization such as tandem solar cells, optical modeling is essential for engineering device architectures, which requires accurate optical data for the materials utilized. Additionally, a comprehensive understanding of the fundamental material properties is vital for simulating the operation of devices for design purposes. In this article, we use variable angle spectroscopic ellipsometry (SE) to determine the optical constants of CH 3 NH 3 PbI 3 (MAPbI 3 ) thin films over a photon energy range of 0.73 to 6.45 eV. We successfully model the ellipsometric data using six Tauc-Lorentz oscillators for three different incident angles. Following this, we use critical-point analysis of the complex 1 arXiv:1909.03907v1 [physics.app-ph] 9 Sep 2019 dielectric constant to identify the well-known transitions at 1.58, 2.49, 3.36 eV, but also additional transitions at 4.63 and 5.88 eV, which are observed in both SE and spectrophotometry measurements. This work provides important information relating to optical transitions and band structure of MAPbI 3 , which can assist in the development of potential applications of the material.
Introduction
Metal halide perovskites (MHPs) are a propitious group of materials for thin-film optoelectronics, with the research field still thriving and record solar cell efficiencies now reaching greater than 25%. 1 As photovoltaic devices begin to approach the theoretical efficiency limit for a single junction, [2] [3] [4] [5] fine-tuning of the device structure is required for further optimization.
This can only be feasible with the assistance of optical simulations, which require accurate knowledge of the optical properties of device layers. Moreover, one of the most promising applications for commercialization of MHPs are tandem solar cells, where the design also requires extensive optical modeling. [6] [7] [8] [9] The archetypal material for studying the properties of MHPs is CH 3 NH 3 PbI 3 (MAPbI 3 ), which has been characterised scrupulously, revealing remarkable fundamental features for optoelectronics including high absorption coefficients (∼ 10 4 -10 5 cm −1 at 2 eV), [10] [11] [12] [13] low exciton binding energies, [14] [15] [16] [17] and small charge-carrier effective masses. 14, 18, 19 As a result, many other optoelectronic applications of MHPs have been developed, including lasers, [20] [21] [22] [23] [24] [25] light emitting diodes (LEDs) [26] [27] [28] [29] and photodetectors. [30] [31] [32] Many studies have also been made to characterize the optical constants of MAPbI 3 thin films, 10, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] and also other MHPs [47] [48] [49] [50] [51] [52] [53] with varying results and analysis protocols. Optical constants are typically determined by fitting data from spectroscopic ellipsometry (SE) measurements to a dispersion model, which can then be compared with results from spectrophotometry (reflectance and transmission spectroscopy). With spectrophotometry measurements on MHPs, data for wavelengths of λ < 300 nm (photon energies of E > 4 eV)
is usually omitted. This may be due to a) limitations of the measurement range of the equipment used, b) strong absorption of glass substrates and/or c) strong absorption of the material (for thicker films and single crystals), with the latter two resulting in a weak (noisy) signal for optical transmission. Hence, optical transitions at these photon energies are seldom discussed. Nevertheless, studies of this part of the spectrum are important for validating theoretical work regarding the band structure and ultimately understanding the fundamental properties of MHPs. Often the focus of band-structure calculations is to reproduce the bandgap energy of MHPs, however an accurate model should predict spectral features at all photon energies observable by experiment.
Here we use variable angle SE to determine the optical constants of a MAPbI 3 thin film over a wide spectral range. The ellipsometric data is modeled using Tauc-Lorentz oscillators for measurements from three different incident angles. We report on several optical transitions which are observed at ultraviolet photon energies in both SE data and spectrophotometry measurements. We present a simple step-by-step approach that can be used for utilizing SE as a method for accurately determining the optical constants, thickness and surface roughness of MHP thin films.
Results and discussion
We prepare MAPbI 3 via a one-step, gas-assisted spin coating method to achieve smooth uniform thin films. 54 This technique utilizes the high pressure flow of inert gas on the surface of the film during the coating process, bypassing the need for anti-solvent quenching. [55] [56] [57] We use a precursor of PbI 2 and methylammonium iodide (MAI) (1:1) in a mixed solvent solution of DMF and DMSO at a concentration of 1M. Figure 1 shows the sample morphology from atomic force microscopy (AFM) and scanning electron microscopy (SEM). The film has a relatively uniform surface with grain size of ∼ 100 to 200 nm. We performed SE measurements on thin films of MAPbI 3 to obtain the Ψ and ∆ values over the spectral range of 192 to 1696 nm, for three angles of incidence (65 • , 70 • , and 75 • ). The parameter ∆ is the induced phase difference between the s-and p-polarized light and Ψ is the angle whose tangent is given by the ratio of the magnitudes of the reflection coefficients, |R s | and |R p | for the s and p polarization planes, respectively, i.e. tan Ψ = |R p |/|R s |. We ensure that the sample is measured immediately following exposure to ambient conditions, after being packaged in an inert environment so that minimal degradation occurs prior to measurement. Figure 1e shows the X-ray diffraction pattern of the film in this condition, displaying a high degree of crystallinity and absence of peaks that indicate degradation. To model the ellipsometry results, we firstly use a Cauchy film model to fit the data in the transparent region (> 800 nm), where oscillations due to interference are observed. The refractive index from the Cauchy dispersion model is given by:
where A, B and C are the Cauchy coefficients to be fitted, and λ is the wavelength. This gives a good estimate for the thickness of the film, which is not fitted during the next phase. Subsequently, the Cauchy film model is parameterized to convert it to a basis-spline (b-spline) model which is used to fit the transparent region of the spectrum. The fit is then expanded to wavelengths below the bandgap, where the film is absorbing. The b-Spline model is then forced to be consistent with Kramers-Kronigs relations and fit to the data once again with updated parameters. Finally, the b-Spline model is parameterized to build an oscillator model with six Tauc-Lorentz oscillators. In the Tauc-Lorentz model, the imaginary part of the dielectric constant is given by
Here, E G is the bandgap, used as a coupled fitting parameter across all oscillators. The parameter A i is the amplitude and C i is the broadening of each oscillator peak centered at the energy E i . Once the parameters for ε 2 are obtained, ε 1 is found using the analytic solution of the Kramers-Kronig integration. 58 The resulting model for pseudo-optical constants can be fitted to the data for Ψ and ∆ using
where θ i is the angle of incidence and ρ is the induced polarization change (ρ = tan(Ψ)e i∆ ).
The parameters are fitted globally for three angles of incidence (65 • , 70 • , and 75 • ) over the wavelength range of 192 to 1696 nm. We incorporated the film thickness and surface roughness in the model (Figure 1d ) and all parameters are updated to obtain the lowest possible MSE (mean squared error).
The Ψ and ∆ data is shown in Figure 2 , along with the fit from the Tauc-Lorentz oscillator model. A MSE value of 12.50 is achieved, indicating excellent agreement between the model and data. We obtain a thickness value of 446.84 ± 0.24 nm, which is in agreement of the thickness obtained using profilometry (452 ±20 nm). The roughness of the film is found to be ∼ 10 nm, which is also close to the RMS (root mean square) roughness value of 13 nm obtained by AFM (Figure 1a and c). It is important to factor the surface roughness, since it has a substantial impact on the determination of optical characteristics of the film, with larger values causing erroneous interpretation. 59 The fitting parameters obtained from the Tauc-Lorentz model are outlined in Table 1 . We find that six oscillators are required to minimize the MSE of the fit and reproduce the data accurately. If fewer than six oscillators are used (four or five, for example), the fit does not capture all of the features of the ∆ and Ψ curves (Figure 2a and b, respectively) and instead converges to oscillator parameters that provide an average value to account for several transitions. Only very slight reductions in the MSE can be obtained if more oscillators are used, and the amplitude of the additional oscillators have to be very low to achieve this. Therefore, we can conclude that any more or fewer than six main oscillators appears to create a non-physical model. A value of ∞ = 1.016 ± 0.1 is fitted to provide a dielectric constant at high energies, in order to prevent ε 1 from becoming zero following the application of the Kramers-Kronig transformation. The element E UV is also included as an unbroadened oscillator to account for high-energy absorption, which effectively provides a 'tilt' to the dielectric constant. The bandgap value of E G = 1.565 eV is determined as a coupled fitting parameter for all oscillators.
The optical constants determined from the analysis are presented in Figure 3 . The black curves in Figure 3c show the individual contribution from the Tauc-Lorentz oscillators to ε 2 . Figure 3d shows the absorption coefficient, α derived from the extinction coefficient, k, calculated using the relation α = 4πk/λ. We performed spectrophotometry measurements on a different MAPbI 3 thin film deposited on quartz to obtain an estimate for the absorption coefficient, which is overlaid with the calculated absorption coefficient in Figure 3d . For these measurements, a thinner film was deposited using a 0.5M solution to obtain a thickness of ∼ 110 nm, to ensure the transmission signal was strong enough to be detected at highly absorbing wavelengths.
The observed transitions in the absorbing region of the experimental α spectrum appear to corroborate with the modeled data from the ellipsometry measurements. For the SEcalculated absorption coefficient, the value at 2 eV is ∼ 4.6 x 10 4 cm −1 , which is in good agreement with previous work. 12, 35, 41 The absolute amplitude of the absorption coefficient obtained from spectrophotometry should not be considered as an accurate value for comparison, since scattered light from the sample is not accounted for. Instead, we use the data to compare the shape and position of the optical transitions. One major difference between the two absorption coefficients is position and relative amplitude of the highest energy peak. In the spectrophotometry data, it appears that the two highest energy peaks coincide, creating a high energy shoulder at ∼ 6.3 eV in the peak observed with a maximum at ∼ 5.8 eV. In the SE data however, it appears that the highest energy peak is blueshifted in comparison, with the maximum lying outside of the measurement range, with the Tauc Lorentz oscillator associated with this peak centered at 6.52 eV (Table 1) .
To investigate the optical transitions in MAPbI 3 , we used critical-point (CP) analysis to accurately determine the transition energies. The CP model gives the following expression for the second derivative of the complex dielectric constant for any given excitonic transition,
The energy of the transition is given by E Cj , the broadening is Γ j , the amplitude is A j , the phase is ϕ j , and i is the imaginary unit. This equation is used to fit the real and imaginary parts of the dielectric function, as shown in Figure 4 . The transition energies obtained from The three transitions E C0 , E C1 and E C2 are commonly identified, 8, 37, 41 however, E C3 and E C4 are not often observed or remarked on. Our obtained value for the bandgap is similar to those previously determined, 10, 11, 41, 46 which has been attributed to a direct transition at the R symmetry point of the Brillouin zone. 38, and 6.97 eV for thin films. 40 In the study, the authors use quasi-particle self-consistent GW (QS-GW) calculations to derive optical constants up to photon energies of 10 eV, which are in good agreement with experimental data within in the spectral range of the measurements. In the calculated extinction coefficient spectrum, peaks are also predicted at ∼ 5.5 and 6.7 eV, which are not captured in their ellipsometry experiments, but are relatively close to the transitions observed in our experiments here. 40 Hirasawa and co-workers also observed the transition at 4.8 eV in the absorption spectrum at a temperature of 4.2 K. 60 and extracted a dielectric constant that closely matches our obtained function, including the high energy features, likely originating from Γ point transitions. 44 Analysis of their band structure calculations showed that time-dependent hybrid functional calculations based on exchange-tuned HSE (TD-HSE), with spin-orbit coupling included in the calculation best reproduced the experimental data. Guerra and colleagues also observed the transitions at ∼ 4.6 and 5.8 eV via SE but did not measure spectrophotometry data beyond 5 eV. 46 In all the above studies, the highest energy optical transition is not investigated via spectrophotometry measurements in addition to SE.
Conclusions
In conclusion, we have used spectroscopic ellipsometry (SE) and spectrophotometry to iden- 
Experimental Sample Preparation
Glass substrates were cleaned by sonicating in Helmanex III solution with dionized water, and subsequently sonicating in isopropyl alcohol. They are then treated with oxygen plasma for 10 minutes before being transferred to an inert environment for deposition. For the MAPbI 3 precursor solution, a mixed solvent system was used with DMF and dimethylsulfoxide (DMSO). PbI 2 and MAI were combined with a molar ratio of 1:1 in a DMF:DMSO (∼ 9:1) solvent at a concentration of 1M to form a PbI 2 -DMSO complex. The MAPbI 3 solution was dispensed on the glass substrate and spin coated at 3000 RPM and ∼ 10s after the the procedure is initiated, a flow of nitrogen gas is applied to the film to dry the parent solvent and produce smooth films. The MAPbI 3 films are then annealed for 10 mins at 100 • C in a nitrogen atmosphere. For spectrophotometry measurements, a quartz substrate is used instead of glass and the precursor concentration of 0.5M is used instead to achieve a film thickness of ∼ 110 nm.
Sample Characterization
The samples were characterized using a Rigaku SmartLab X-ray diffractometer with a Cu K-alpha 9 kW anode. The scanning electron microscopy (SEM) was carried out using a Zeiss 
where n is the number of wavelengths, m is the number of fitting parameters and N = Cos(2Ψ), C = Sin(2Ψ) Cos(∆), S = Sin(2Ψ) Sin(∆). The subscripts Exp and M od denote the experimental data and the modeled data, respectively.
Spectrophotometry
A JASCO V-570 UV/Vis/NIR spectrophotometer was used to measure the optical transmission and specular reflectance of MAPbI 3 thin films deposited on quartz. The data was used to provide an estimate for the absorption coefficient using the relation
where d is the film thickness, T (E) is the transmission and R(E) is the reflectance.
